
Low-dose antigen-experienced CD4
+ T cells display reduced clonal

expansion but facilitate an effective memory pool in response

to secondary exposure

Introduction

Upon initial stimulation with antigen-bearing antigen-

presenting cells (APC), CD4+ T cells undergo clonal

expansion through a series of several rounds of antigen-

specific cell division. During clonal expansion, the CD4+

T cells progressively differentiate into specialized effector

cells that combat the antigenic insult and memory cells

that protect against future exposures to the same anti-

gen.1,2 Signals transmitted through the T-cell receptor

(TCR) and through costimulation receptors are both

needed for this proliferation and differentiation of CD4+

T cells.3, 4 Thus, much attention has been focused on the

role of antigen in driving this process of CD4+ T-cell pro-

liferation and differentiation. Exposure to antigen for a

minimum of 12 hr is required for activation of naive

CD4+ T cells and entry into the cell cycle.5–7 Antigen con-

centration is also postulated to be important in determin-

ing whether CD4+ T cells favour effectors (T helper 1/2;

Th1/Th2) and memory cell development.8–13 Random

encounters of variable duration with APC bearing antigen

result in the generation of effectors with different

fates.5,14–17 Therefore, the level of TCR signal accumu-

lated by the combination of the duration of TCR engage-

ment and the antigen concentration may determine the

progressive differentiation of effectors.

CD4+ memory T cells are potent regulatory cells that

can respond rapidly and effectively upon re-encounter

with antigen.18 Several types of evidence have previously

supported the finding that effector cells generated from

Seong Ok Park,1 Young Woo Han,1

Abi George Aleyas,1 Junu Abi

George,1 Hyun A Yoon,1 John Hwa

Lee,1 Ho Young Kang,2 Seong Ho

Kang3 and Seong Kug Eo1

1Department of Microbiology, College of Veter-

inary Medicine and Bio-Safety Research Insti-

tute, and 3Division of Chemistry, College of

Natural Sciences, Chonbuk National Univer-

sity, Jeonju, Republic of Korea and 2Division of

Biological Sciences, College of Natural Sciences,

Pusan National University, Pusan, Republic of

Korea

doi:10.1111/j.1365-2567.2007.02707.x

Received 10 May 2007; revised 25 July 2007;

accepted 25 July 2007.

Correspondence: S. K. Eo, Laboratory of

Microbiology, College of Veterinary

Medicine, Chonbuk National University,

Jeonju 561-756, Republic of Korea.

Email: vetvirus@chonbuk.ac.kr

Senior author: Y. W. Han,

email: hanwo2@chonbuk.ac.kr

Summary

The strength and duration of an antigenic signal at the time of initial

stimulation were assumed to affect the development and response of

effectors and memory cells to secondary stimulation with the same anti-

gen. To test this assumption, we used T-cell receptor (TCR)-transgenic

CD4+ T cells that were stimulated in vitro with various antigen doses.

The primary effector CD4+ T cells generated in response to low-dose anti-

gen in vitro exhibited reduced clonal expansion upon secondary antigenic

exposure after adoptive transfer to hosts. However, the magnitude of their

contraction was much smaller than both those generated by high-dose

antigen stimulation and by naı̈ve CD4+ T cells, resulting in higher num-

bers of antigen-specific CD4+ T cells remaining until the memory stage.

Moreover, secondary effectors and memory cells developed by secondary

antigen exposure were not functionally impaired. In hosts given the low-

dose antigen-experienced CD4+ T cells, we also observed accelerated recall

responses upon injection of antigen-bearing antigen-presenting cells.

These results suggest that primary TCR stimulation is important for

developing optimal effectors during initial antigen exposure to confer

long-lasting memory CD4+ T cells in response to secondary exposure.

Keywords: antigen-experienced CD4+ T cells; antigen doses; memory cells;

clonal expansion

Abbreviations: ABTS, 2,2-azinobis-3-ethylbenzothiazoline-6-sulphonic acid; AICD, activation-induced cell death;
APC, antigen-presenting cell; BrDU, 5-bromo-20-deoxyuridine; CFA, complete Freund’s adjuvant; CFSE, carboxyfluorescein
diacetate succinimidyl ester; FBS, Fetal bovine serum; TCR, T-cell receptor; Tg, transgenic.
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naı̈ve CD4+ T cells in vitro are the direct precursors of

memory cells.19–22 Adoptive transfer of the in vitro-gener-

ated effector population of CD4+ T cells leads to the gen-

eration of memory cells without further antigenic

stimulation. In such experimental models, the polariza-

tion of the resulting memory cells reflects the polarization

of effectors that were introduced,19 and the spectrum of

TCR specificities among in vivo-generated memory popu-

lations in recipients after adoptive transfer closely parallels

those of the primary effector population.23,24 Moreover,

for CD4+ memory T cells generated in response to the

transfer of effectors to adoptive hosts, the size of the

memory population is directly proportional to the num-

ber of effectors that are transferred into recipients, and

the duration of in vitro activation decide the delineation

of memory (central versus effector memory cell) sub-

sets.25 Such results are mostly focused on the develop-

ment of CD4+ memory T cells generated from effectors

that were adoptively transferred to hosts without further

antigenic stimulation. However, less is known about the

behaviour of in vitro-generated primary effector CD4+ T

cells following adoptive transfer upon in vivo re-stimula-

tion with the same antigen.

Here we assumed that the strength and duration of

antigenic and costimulatory signals during initial stimula-

tion in vitro affect the quantity and quality of developing

effectors and memory cells in response to in vivo re-stim-

ulation with the same antigen. To examine the impact of

the initial TCR signal on the quantity and quality of

effectors and memory T cells generated from primary

effector cells, we used a TCR-transgenic (Tg) model sys-

tem from which we isolated a homogeneous population

of naı̈ve antigen-specific CD4+ T cells. With the use of

vital dye and fluorescence-activated cell sorting (FACS)

analysis, we found that the restricted stimulation of naı̈ve

CD4+ T cells with low and high antigen doses in the pres-

ence of polarizing cytokines can result in the development

of qualitatively different effector cells, based on the pro-

duction of polarizing cytokines and the differentiation of

CD4+ memory T cells after re-exposure with the same

antigen. Therefore, the present results demonstrate the

importance of optimal TCR stimulation for developing

effectors during initial antigen exposure in order to con-

fer effective long-lasting memory CD4+ T-cell response to

secondary exposure.

Materials and methods

Animals

Five- to 6-week old BALB/c mice (Damul Sci. Inc.,

Daejeon, Korea) and ovalbumin (OVA)-TCR Tg mice

(DO11.10 mice, kindly provided by Dr B. S. Kwon,

Immunoregulatory Research Center, Ulsan, Korea) were

used in this study. The majority of T cells in the

DO11.10 mice are CD4+ T cells that express a TCR

that recognizes the chicken OVA-derived peptide,

OVA323)339, presented by I-Ad.26 This TCR is encoded

by transgenes for the Vb8.2/Va13.1 chains and can be

identified by the anticlonotypic monoclonal antibody

(mAb), KJ1.26.27 DO11.10 severe combined immuno-

deficiency (SCID) donors were obtained by crossing

DO11.10 BALB/c mice for two generations with SCID

BALB/c mice; offspring were selected such that almost

all (>98%) of the CD4+ T cells were also KJ1.26-posi-

tive. BALB/c mice were housed conventionally, and

DO11.10 mice were housed in sterile microisolator cages

in the animal facility. The investigators adhere to the

guidelines set by the Committee on the Care of Labora-

tory Animal Resources, Chonbuk National University.

The animal facility of the Chonbuk National University

is fully accredited by the National Association of Labora-

tory Animal Care.

Antibodies and synthetic OVA323)339 peptide

The following mAb were obtained from eBioscience (San

Diego, CA) and used for FACS analysis and other experi-

ments: phycoerythrin (PE)-anti-CD4 (clone GK1.5), fluo-

rescein isothiocyanate (FITC)-anti-CD25 (clone PC61.5),

anti-CD69 (clone H1.2F3), anti-CD44 (clone IM7), anti-

CD62L (clone MEL-14), and antibromodeoxyuridine

(clone PRB-1). Biotinylated KJ1.26 (Caltag Laboratory,

Burlingame, CA) and streptavidin–peridinin chlorophyll-a

protein (Pharmingen, San Diego, CA) were used to detect

OVA-TCR Tg CD4+ T cells. The synthetic peptide of

the defined chicken OVA323-339 H-2d-restricted epitope

(ISQAVHAAHAEINEAGR) was synthesized at Peptron

Inc. (Daejeon, Korea).

In vitro generation of antigen-experienced CD4+ T cells

Spleen and lymph node cells from either OVA-TCR Tg

mice or OVA-TCR SCID mice were isolated over nylon-

wool columns and treated with a panel of depleting anti-

bodies and complement to enrich the resting CD4+ T

cells. The isolated cells routinely consisted of >90% CD4+

T cells. The primary Th1-type CD4+ effector T cells were

generated from the enriched naı̈ve CD4+ TCR Tg cell

population as described.28 Briefly, naive CD4+ T cells

(5 · 106 cells/ml) were stimulated with syngeneic

T-depleted APC obtained from naı̈ve BALB/c mice using a

metrizamide gradient (Accurate Chemical Sci., Westbury,

NY; analytical grade, 14�5 g added to 100 ml phosphate-

buffered saline (PBS), pH 7�2). Th1 effector cells were

generated by the addition of 2 ng/ml recombinant murine

interleukin (IL)-12 (Peprotech, Rehovot, Israel) and

10 lg/ml anti-IL-4 (clone 11B11) in the presence of either

low (0�05 lg/ml) or high (5�0 lg/ml) concentration

of OVA323)339 peptide. Following a 12-hr stimulation
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period, the culture cells were washed to remove

OVA323)339 peptide. APC were removed with a nylon

wool column, and the isolated CD4+ cells were main-

tained in RPMI medium for 3 days.

Adoptive transfer and immunization

The behaviour of the antigen-experienced CD4+ T cells

after secondary exposure was studied by adoptive transfer

(via intravenous (i.v.) injection) of the in vitro-generated

CD4+ effector T cells (2�5 · 106 CD4+ KJ1.26+ cells/

mouse) into non-irradiated normal BALB/c mice. On

1 day after adoptive transfer, recipients were immunized

by injection of OVA323)339 peptide (20 lg/mouse) emulsi-

fied in complete Freund’s adjuvant (CFA) into two

separate footpad sites. The kinetics of the responses of

antigen-experienced CD4+ T cells to secondary exposure

were analysed by determining activation markers and the

number of OVA-TCR Tg T cells in the popliteal lymph

node (LN) following immunization.

Cytokine enzyme-linked immunosorbent assay (ELISA)

Cytokine levels in culture supernatants from OVA-TCR

Tg CD4+ T cells stimulated with OVA323)339 peptide

were determined by standard ELISA. Briefly, 5, 10, and

35 days after immunization, splenocytes and popliteal

lymph node cells were obtained from recipients and

re-stimulated in vitro with syngeneic APC pulsed with

OVA323)339 peptide (1 lg/ml) for the indicated period

(24, 48, and 72 hr). As a polyclonal positive stimulator, a

similar number of cells were stimulated with 5 lg of con-

canavalin A for 48 hr. The culture supernatants were then

screened for the presence of IL-2 and interferon-c (IFN-

c) by ELISA. ELISA plates were incubated with IL-2 and

IFN-c anti-mouse antibody (eBioscience; clone no. JES6-

1A12 and R4-6A2, respectively) overnight at 4�. The

plates were then washed three times with PBS-0�05%

Tween 20 (PBST) and blocked with 3% non-fat dried

milk for 2 hr at 37�. The culture supernatant and the

appropriate recombinant IL-2 and IFN-c protein stan-

dards (Pharmingen) were added to the plates and incu-

bated overnight at 4�. Biotinylated IL-2 and IFN-c anti-

mouse antibody (eBioscience; clone no. JES6-5H4 and

XMG1.2, respectively) were subsequently added and incu-

bated with peroxidase-conjugated streptavidin (Pharmin-

gen) for 1 hr. The colour was then developed by adding

a substrate solution 11 mg of 2,2-azinobis-3-ethylbenzo-

thiazoline-6-sulphonic acid (ABTS) in 25 ml of 0�1 M

citric acid-25 ml of 0�1 M sodium phosphate)10 ll of

hydrogen peroxide). The cytokine concentration in the

culture supernatants was determined using an automated

ELISA reader and the SOFTmax Pro4.3 program (Spectra

MAX340; Molecular Devices, Sunnyvale, CA) compared

with two concentrations of standard cytokine protein.

Flow cytometry

OVA-TCR Tg T cells from recipients were evaluated

by PE-labelled CD4, biotinylated KJ1.26 antibody, and

FITC-labelled CD25, CD44, CD62L, and CD69 antibod-

ies. Briefly, the cells were blocked with heat-inactivated

fetal bovine serum (FBS) and washed with PBS contain-

ing 1% bovine serum albumin (BSA) and 0�05% NaN3.

The cells were then incubated with the indicated antibody

for 45 min at 4�. After washing, the cells were resus-

pended in PBS and analysed using a FACSCalibur

equipped with the CellQuest program (Becton-Dickinson,

Mountain View, CA).

Carboxyfluorescein diacetate succinimidyl ester (CFSE) cell

labelling and mitotic events. The cell division of OVA-

TCR Tg CD4+ T cells primed with antigen in vitro was

achieved using CFSE as described.29 Briefly, enriched

CD4+ T cells obtained from DO11.10 BALB/c were

washed once in PBS, adjusted to a final concentration of

5 · 107 cells/ml in PBS, and labelled with 5 lM CFSE for

10 min at room temperature. An equal volume of FBS

was then added to stop the labelling process, and the cells

were washed two times with RPMI containing 10% FBS.

The number of cell divisions of CFSE-labelled antigen-

experienced CD4+ T cells was estimated as previously

described,29 based on the assumption that the CFSE signal

is reduced by half at each cell division.

Detection of 5-bromo-20-deoxyuridine (BrDU) incorpora-

tion. The in vivo proliferation of antigen-specific CD4+ T

cells was assessed by BrDU incorporation.20 Recipients

immunized with antigen-pulsed APC were administered

BrDU (0.8 mg/ml) daily in their drinking water. After

five days, splenocytes were stained with PE-labelled anti-

CD4, biotinylated KJ1.26, and PerCP-labelled streptavidin.

The cells were then fixed for 20 min in PBS containing

10% formaldehyde and stained for BrDU incorporation

according to a published protocol.20 Briefly, the cells were

permeabilized with PBS containing 0�5% saponin and

incubated in 1 ml DNase buffer (0�15 mM NaCl, 4�2 mM

MgCl2, 4�2 mM CaCl2, 50 Kunitz units/ml DNase I

(DN-25; Sigma), pH 5) at 37� for 20 min. The cells were

subsequently washed and suspended in PBS containing

1% BSA, 0�05% NaN3, and 0.5% saponin. The cells were

then incubated with FITC-labelled anti-BrDU for 30 min

at room temperature. After several washes, the FITC-

channel fluorescence of 1000–2000 CD4+ KJ1.26+ cells

was measured by flow cytometry.

Statistical analysis

Where specified, the data were analysed for statistical sig-

nificance using Student’s t-test. P < 0�05 was considered

statistically significant.
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Results

Antigen-experienced CD4+ effector T cells generated
in vitro with low and high doses

To examine the responses of primary CD4+ effector T

cells generated with either low- or high-dose antigen to

secondary exposure, we used OVA323)339 peptide (I-Ad)

specific TCR-Tg CD4+ T cells obtained from naı̈ve

DO11.10 BALB/c or DO11.10 SCID mice. The OVA-TCR

CD4+ T cells were initially stimulated in vitro with either

low (0�05 lg/ml) or high (5�0 lg/ml) dose OVA323)339

peptide for 12 hr under Th1-type biased conditions

(2 ng/ml recombinant murine IL-12 and 10 lg/ml anti-

IL-4 clone 11B11). Such stimulated OVA-TCR CD4+ T

cells were then analysed to determine the expression of

the T-cell surface activation markers such as CD25 (IL-2

receptor a chain, IL-2Ra), CD 69 (very early activation

marker), CD44, and CD62L (L-selectin). The 12-hr stim-

ulation of OVA-TCR CD4+ T cells with both low and

high antigen doses induced changes in cell size as indi-

cated by the shift of forward scatter profiles to the left

(Fig. 1a). The stimulation of OVA-TCR CD4+ T cells

with high-dose antigen, in particular, resulted in clear

changes in cell size. Similarly the 12-hr stimulation of

CD4+ T cells with low and high antigen doses induced

activated phenotypic marker profiles for CD25 and CD69

on OVA-TCR CD4+ T cells. The stimulation of OVA-

TCR CD4+ T cells by high-dose antigen resulted in

clearer activated expression patterns for these activation

markers (CD25 and CD69) (Fig. 1a). Also, the expansion

of briefly stimulated OVA-TCR CD4+ T cells was exam-

ined by labelling the nylon-wool column-enriched T cells

that had been rested for 3 days with the fluorescence dye

CFSE. As shown by the CFSE profiles, the OVA-TCR

CD4+ T cells stimulated in vitro with high antigen dose

expanded well, whereas no cell division was observed in

the naı̈ve and low-dose antigen-stimulated CD4+ T cells

during the 3-day resting period (Fig. 1b). These results

indicate that the CD4+ T cells stimulated for 12 hr with

high-dose antigen in vitro were fully activated and were

proliferating. However, CD4+ T cells stimulated with

low-dose antigen have no proliferative capacity, similar

to naı̈ve cells, even though the low-dose antigen-stimu-

lated CD4+ T cells displayed phenotypic markers of

activation.

We also observed the number of donor cells in lym-

phoid and non-lymphoid tissues after adoptive transfer of

briefly stimulated CD4+ T cells into normal BALB/c mice.

To remove any residual antigen, the OVA-TCR CD4+ T

cells stimulated with low- and high-dose antigen for

12 hr were applied to nylon-wool columns, rested for

3 days, and then adoptively transferred into normal mice.

On the following day, we determined the number of

donor OVA-TCR CD4+ T cells in lymphoid and non-

lymphoid tissues. As shown in Fig. 2, decreased numbers

of donor cells were observed in the peripheral lymphoid

tissues (cervical and popliteal LN), but not in the spleen,

in the recipients of CD4+ T cells stimulated with high-

dose antigen. In contrast, increased numbers of donor

cells were found in non-lymphoid tissue, such as lung, in

the recipients of high-dose antigen-stimulated CD4+ T

cells. Higher numbers of both naı̈ve and low-dose anti-

gen-stimulated donor cells were observed in peripheral

lymphoid tissues compared with high-dose antigen-stimu-

lated CD4+ T cells. Moreover, there were no significant

differences between naı̈ve and low-dose antigen-stimu-

lated OVA-TCR CD4+ T cells found in both lymphoid

and non-lymphoid tissues (Fig. 2). This result indicates

that the CD4+ T cells stimulated with low- and high-dose

antigen have different capacities for migration into lym-

phoid and non-lymphoid tissues.

In vivo clonal expansion potential and memory cells
of antigen-experienced CD4+ T cells after secondary
exposure to antigen

Primary CD4+ effector T cells previously experienced

with low and high antigen doses were assumed to

respond alternatively to secondary exposure of antigen.

In order to test this assumption, we used in vivo second-

ary exposure of antigen after adoptive transfer of briefly

stimulated OVA-TCR CD4+ T cells into normal BALB/c

mice. OVA-TCR CD4+ T cells stimulated in vitro with

low and high antigen doses for 12 hr were applied to

nylon-wool columns to remove further antigenic stimula-

tion, rested for 3 days, and then adoptively transferred

into normal mice. On next day, the recipients were

immunized via the hind footpad with OVA323)339 peptide

emulsified in CFA. On 5, 10, and 35 days postimmuniza-

tion (p.i), the number of OVA-TCR CD4+ T cells and

immune responses were kinetically measured in popliteal

LN. As shown in Fig. 3(a and b), the peak of the

response for both low- and high-antigen dose-stimulated

donor cells appeared to be day 5. By day 10 after immu-

nization, the number of OVA-TCR CD4+ T cells had

subsequently decreased in popliteal LN. Also, naive

donors, which were not stimulated with antigen, exhib-

ited similar response patterns to the in vivo exposure of

antigen. However, there were differences in the magni-

tude of the expansion and contraction of OVA-TCR

CD4+ T cells depending on the antigen dose used for the

primary in vitro exposure (Fig. 3a and b). Five days p.i.,

CD4+ T cells previously stimulated with high-dose anti-

gen for 12 hr expanded maximally with approximately

15-fold increase, whereas low antigen dose-stimulated

OVA-TCR CD4+ T cells displayed the least expansion in

response to in vivo secondary exposure of antigen. Naive

donors exhibited a median magnitude of expansion to

antigen immunization. Conversely, after the fifth day
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p.i., the magnitude of contraction appeared to reverse,

because the least number of OVA-TCR CD4+ T cells pre-

viously experienced with high-dose antigen were detected

in draining LN at 10 days p.i. These OVA-TCR CD4+ T

cells continuously decreased until 35 days p.i., resulting

in generating recipients that contained comparable num-

bers of initial OVA-TCR CD4+ T cells. However, the

recipients that received low-dose antigen-experienced

OVA-TCR CD4+ T cells underwent the smallest contrac-

tion after secondary exposure to antigen, resulting in

many more antigen-specific CD4+ T cells remaining in

the LN than in recipients given high-dose antigen-stimu-

lated OVA-TCR CD4+ T cells (Fig. 3b). Such results are

clarified when the expansion and contraction of antigen-
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Figure 1. (a) Activation phenotypes of antigen-experienced CD4+ T cells generated in vitro with different antigen doses. Naive OVA-TCR CD4+

T cells enriched by passage over a nylon-wool column and treated with depleting antibodies and complement were stimulated with APC in the

presence of low (0�05 lg/ml) and high (5�0 lg/ml) concentrations of OVA323)339 peptide with the Th1-polarized cytokines. Following the 12-hr

antigen stimulation, the expression profiles of activation phenotypic markers (CD25, CD69, CD44, and CD62L) of CD4+ KJ1.26+ T cells were

determined by FACS analysis. Dot lines represent activation phenotypes of naı̈ve antigen-specific CD4+ T cells that did not pass nylon-wool col-

umn. (b) Proliferation potential of antigen-experienced CD4+ T cells generated in vitro with different antigen doses. Following the 12-hr antigen

stimulation, primary CD4+ T effector cells were applied to a nylon-wool column to remove further antigenic stimulation and stained with the

fluorescence dye CFSE. CFSE-labelled cells were then rested for 3 days. The proliferation of antigen-experienced CD4+ T cells was estimated,

based on the assumption that the CFSE signal is reduced by half at each cell division. The histograms are based on a gate specific for the anti-

gen-specific CD4+ T cells (KJ1.26+ CD4+).
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Figure 3. The behaviour of antigen-experienced CD4+ T cells generated in vitro with different antigen doses in response to secondary antigenic

exposure. Antigen-experienced CD4+ T cells generated in vitro with low (0�05 lg/ml) and high (5�0 lg/ml) concentrations of OVA323)339 peptide

were rested for 3 days and then adoptively transferred into normal BALB/c mice via i.v. injection (2�5 · 106 CD4+ KJ1.26+ cells/mouse). On the

following day, the recipients were immunized via the hind footpad with OVA323)339 peptide (20 lg/mouse) emulsified with CFA. On 5, 10, and

35 days p.i., the behaviour of antigen-experienced CD4+ T cells was examined by staining with specific antibodies and FACS analysis in popliteal

LNs. (a) The percentage of KJ1.26 + CD4+ T cells from representative recipients in popliteal LNs. (b) Total number of KJ1.26+ CD4+ T cells in

the popliteal LNs of three to five recipients. (c) Number of KJ1.26+ CD4+ T cells in the popliteal LNs of three to five recipients normalized to

the peak of expanded response (5 days p.i). Data are shown as the mean ± SD of three to five recipients per experiment. *Statistically significant

between low-dose and high-dose antigen-experienced groups (P < 0�05).
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specific CD4+ T cells are normalized to the peak response

(at day 5) (Fig. 3c). Thus, the recipients given low-dose

antigen-experienced OVA-TCR CD4+ T cells contained

�35% of the expanded antigen-specific CD4+ T cells at

35 days p.i., whereas only �5% of the antigen-specific

CD4+ T cells expanded by secondary exposure were

detected in draining LN of mice that received high-dose

antigen-stimulated OVA-TCR CD4+ T cells. Therefore,

although there was minimal accumulation of low-dose

antigen-experienced OVA-TCR CD4+ T cells in the

draining LN after in vivo secondary exposure, the magni-

tude of their contraction was much smaller, resulting in

higher numbers of antigen-specific CD4+ T cells remain-

ing until the memory stage.

Cytokine production and phenotypes of
antigen-experienced CD4+ T cells after secondary
exposure of antigen

The CD4+ T cells experienced with low-dose antigen may

elicit impaired function after secondary exposure,30 even

though the recipients of such low-dose antigen-stimulated

OVA-TCR CD4+ T cells contained higher numbers of

antigen-specific CD4+ T cells than recipients of high-dose

peptide-experienced OVA-TCR CD4+ T cells. Because the

immune function of CD4+ T cells are mediated, in large

part, by the effector cytokines that they produce,31 we

examined whether OVA-TCR CD4+ T cells previously

experienced with low- and high-dose antigen could pro-

duce the cytokines IFN-c and IL-2 after secondary expo-

sure to antigen in vivo. Cytokine production by the

draining LN cells was determined on 5, 10, and 35 days

p.i. in the recipients of antigen-experienced CD4+ T cells.

The LN cells of the recipients of both types of experi-

enced OVA-TCR CD4+ T cells had the capacity to secrete

cytokines following brief peptide stimulation (Fig. 4).

Interestingly, the pattern of cytokine production from the

LN cells was kinetically similar to that of the number of

OVA-TCR CD4+ T cells detected in the draining LN cells

of the recipients. Thus at 5 days p.i., the recipients of

OVA-TCR CD4+ T cells experienced with low-dose anti-

gen produced the least amount of IFN-c and IL-2, but

the profile of cytokine production was reversed at 10 and

35 days p.i. Therefore, the amount of cytokine produced

from the draining LN cells of the recipients given anti-

gen-experienced OVA-TCR CD4+ T cells was closely

related to the number of antigen-specific CD4+ T cells

detected. Also, when the phenotype of OVA-TCR CD4+ T
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Figure 4. The production of polarized cytokine IFN-c and IL-2 by antigen-experienced CD4+ T cells generated in vitro with different antigen

doses. Antigen-experienced CD4+ T cells generated in vitro with low (0�05 lg/ml) and high (5�0 lg/ml) concentrations of OVA323)339 peptide

were rested for 3 days and then adoptively transferred into normal BALB/c mice via i.v. injection (2�5 · 106 CD4+ KJ1.26+ cells/mouse). On the

following day, the recipients were immunized via the hind footpad with OVA323)339 peptide (20 lg/mouse) emulsified with CFA. On 5, 10, and

35 days p.i., the cytokines secreted by antigen-specific CD4+ T cells in the total popliteal LN cells were determined by a standard ELISA after

brief stimulation with OVA323)339 peptide (1 lg/ml). Data are shown as the mean ± SD of three to five recipients per experiment. P-values in

graphs were statistically calculated by Student’s t-test.
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cells was analysed 35 days p.i. (memory stage), the major-

ity of antigen-specific CD4+ T cells exhibited central

memory-like phenotypes (CD62Lhigh) in all recipients

tested (Fig. 5). These results indicate that antigen-experi-

enced CD4+ T cells can differentiate into fully functional

memory cells after secondary exposure. Moreover, it was

of interest that the antigen-specific CD4+ T cells experi-

enced with low-dose antigen retained higher numbers of

memory cells after secondary exposure as a result of

reduced contraction.

Accelerated recall responses of memory cells
generated from low-dose antigen-experienced
CD4+ T cells after secondary exposure

One of the hallmark features of memory CD4+ T cells is

the recall response mediated by rapid clonal expansion

and large quantities of cytokine produced upon re-stimu-

lation with antigen-pulsed APC.18,25 Here we investigated

the recall responses of antigen-specific memory CD4+ T

cells generated from CD4+ T cells previously experienced

with low- and high-dose peptide. For analysis, the briefly

stimulated OVA-TCR CD4+ T cells were adoptively

transferred to normal BALB/c mice. The recipients were

then immunized with OVA323)339 peptide emulsified in

CFA. On day 60 p.i., the recipients were injected with

OVA323)339 peptide-pulsed APC via tail vein, and the fre-

quency of OVA-TCR CD4+ T cells and immune responses

were then analysed five days after re-stimulation with

antigen/APC. As shown in Fig. 6(a), the recipients of

CD4+ T cells experienced with low-dose antigen accumu-

lated greater numbers of OVA-TCR CD4+ T cells in

response to re-stimulation with antigen/APC. Also, the

recipients of low-dose antigen-experienced CD4+ T cells

contained higher numbers of OVA-TCR CD4+ T cells in

their spleens 5 days after in vivo re-stimulation with anti-

gen/APC (Fig. 6b).

To enumerate antigen-specific CD4+ T cells proliferat-

ing in the recall response, the recipients injected with

antigen/APC were also administered BrDU (0�8 mg/ml)

in the drinking water (day 0). On day 5, BrDU incorpo-

ration into antigen-specific CD4+ T cells was determined

by FACS analysis. The OVA-TCR CD4+ T cells of the

recipients of low-dose antigen-experienced CD4+ T cells
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Figure 5. Phenotypes of antigen-specific CD4+ T memory cells developed by primary effector cells in response to secondary antigenic exposure.

Antigen-experienced CD4+ T cells generated in vitro with low (0�05 lg/ml) and high (5�0 lg/ml) concentrations of OVA323)339 peptide were

rested for 3 days and then adoptively transferred into normal BALB/c mice via i.v. injection (2�5 · 106 CD4+ KJ1.26+ cells/mouse). On the next

day, the recipients were immunized via the hind footpad with OVA323)339 peptide (20 lg/mouse) emulsified with CFA. On 35 days p.i., the

expression of phenotypic markers (CD44 and CD62L) of CD4+ KJ1.26 + T cells obtained from the popliteal LNs was determined by FACS analy-

sis. The histograms based on a gate specific for the antigen-specific CD4+ T cells (KJ1.26+ CD4+) are representative of three to five recipients per

experiment and values in histograms are the mean percent of experiments.
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exhibited enhanced incorporation of BrDU (around 34%)

compared to recipients given naı̈ve and high-dose anti-

gen-experienced CD4+ T cells (Fig. 6c). CD25 and CD69

are prominently cited markers of recent antigenic stimula-

tion.32,33 Thus, we also focused on the expression of these

two molecules on OVA-TCR CD4+ T cells after the recall

response. As shown in Fig. 6(d), the OVA-TCR CD4+

T cells of the recipients that received low-dose antigen-

experienced CD4+ T cells exhibited increased expression

of both activation markers 5 days after injection of APC

pulsed with OVA323)339 peptide. These results indicate

that memory CD4+ T cells in the recipients of low-dose

antigen-experienced CD4+ T cells respond to the recall

antigen more rapidly than donor cells in other recipients.

We also determined the quantities of the cytokines IFN-c
and IL-2 produced from splenocytes of the recipients

given antigen-experienced CD4+ T cells. Consistent with

rapid recall responses upon re-stimulation with antigen/

APC, the recipients of low-dose antigen-experienced

OVA-TCR CD4+ T cells produced higher levels of cyto-

kine production than other recipients following brief

OVA323)339 peptide stimulation of splenocytes (Fig. 7a

and b). Taken together, these results indicate that the

recipients of low-dose antigen-experienced CD4+ T cells

effectively generated memory CD4+ T cells after second-

ary exposure, resulting in improved recall responses to

the introduced antigen.

Discussion

In this study, the strength and duration of antigenic and

costimulatory signal during the initial stimulation in vitro

was assumed to affect the quantity and quality of devel-

oping effector and memory cells upon secondary anti-

genic exposure. Because we know that several factors

including antigen levels, duration of TCR stimulation,

costimulatory signals, and growth factors each have major

impact on the generation of primary CD4 effector

cells,34,35 our study focused on the antigen dose applied

during primary stimulation for a limited duration of TCR
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Figure 6. Recall responses of antigen-specific CD4+ T memory cells developed by primary effector cells generated in vitro with the different anti-

gen doses in response to secondary antigen exposure. Antigen-experienced CD4+ T cells generated in vitro with low (0�05 lg/ml) and high

(5�0 lg/ml) concentrations of OVA323)339 peptide were rested for 3 days and then adoptively transferred into normal BALB/c mice via i.v. injec-

tion (2�5 · 106 CD4+ KJ1.26+ cells/mouse). On the next day, the recipients were immunized via the hind footpad with OVA323)339 peptide

(20 lg/mouse) emulsified with CFA. On 60 days p.i., the recipients were injected with OVA323)339 peptide-pulsed APC via tail vein (2�0 · 107

cells/mouse) and then the recall responses of antigen-specific CD4+ T cells were examined 5 days after injection of antigen/APCs. (a) The per-

centage of KJ1.26+ CD4+ T cells in the spleen of representative recipients re-challenged with antigen/APC. (b) Total number of KJ1.26+ CD4+ T

cells expanded with antigen/APC in the spleen of three to five recipients. P-values in graph were statistically calculated by Student’s t-test.

(c) Enumeration of proliferating antigen-specific CD4+ T cells during recall response with antigen/APC. The recipients injected with antigen/APC

were administered BrDU (0�8 mg/ml) in the drinking water. On day 5, BrDU incorporation of antigen-specific CD4+ KJ1.26+ T cells was deter-

mined by FACS analysis. The histograms based on a gate specific for the antigen-specific CD4+ T cells (KJ1.26+ CD4+) are representative of three

to five recipients and values in histograms are the mean ± SD of each experiment. The dot-lines of histogram denote isotype control. (d) The

expression profiles of early activation markers (CD25 and CD69) on the cell surface of antigen-specific CD4+ T cells. The histograms are repre-

sentative of three to five recipients.
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activation. Here, we noted that, after adoptive transfer to

hosts, primary CD4+ effector T cells generated in vitro

with low-dose antigen exhibited reduced clonal expansion

in the draining LN in response to secondary antigenic

stimulation. However, the magnitude of their subsequent

contraction was much smaller than that of high-dose

antigen-stimulated CD4+ T cells so that higher numbers

of antigen-specific CD4+ T cells remained until the mem-

ory stage. The secondary effector cells differentiated from

high-dose antigen-experienced CD4+ T cells were rapidly

exhausted such that fewer memory cells remained. Our

demonstration is consistent with the finding that pro-

longed antigen-presentation resulted in a robust expan-

sion of highly differentiated effector, which contracted to

a small number of memory T cells.17 Similarly, it has

been reported that the limited activation of CD4+ T cells

showed a modest expansion of effectors, but provided

persistent memory cells with high efficiency.17 Therefore,

these results suggest the importance of primary TCR

stimulation for developing effectors during initial antigen

stimulation that confer effective long-lasting memory

CD4+ T cells after secondary exposure.

The direct injection of antigen with CFA was used to

generate primary CD4+ effector cells in terms of in vivo

antigen-experienced CD4+ T cells.36 However, with direct

antigen injection, we can not validate that all naı̈ve CD4+

T cells differentiate into primary effector cells as a result

of encounters between CD4+ T cells and antigen-bearing

APC. We therefore used in vitro stimulation with different

antigen doses so that naı̈ve CD4+ T cells in the reactions

could be uniformly activated. Using in vivo-generated

antigen-experienced CD4+ T cells, Jenkins’ group claimed

that reduced clonal expansion potential of antigen-experi-

enced CD4+ T cells was imposed by factors present in the

immune environment of hosts.36 Furthermore, they dem-

onstrated that the clonal expansion potential could be

recovered after adoptive transfer of antigen-experienced

CD4+ T cells into new naı̈ve mice. Similarly, after allow-

ing them to rest for 3 days, we adoptively transferred pri-

mary CD4+ effector cells generated in vitro with antigen

into hosts. It is conceivable that 3 days of resting in the

absence of further antigenic stimulation induced the

clonal expansion potential recovery, at least in case of

high-dose antigen-stimulated CD4+ T cells. However,

after repeated stimulation, low-dose antigen-experienced

CD4+ T cells exhibit reduced magnitude of both expan-

sion and contraction. In particular, the number of

antigen-specific CD4+ T cells was highly maintained in

the recipients of low-dose antigen-stimulated CD4+ T

cells. Consequently, �35% of the expanded antigen-

specific CD4+ T cells remained at 35 days p.i. Presumably,

enhanced resistance to apoptosis induced by secondary

antigenic stimulation may be responsible for this mainte-

nance of antigen-specific CD4+ T cells in the recipients

given low-dose antigen-stimulated CD4+ T cells. The sur-

vival signals, such as the expression patterns of IL-7R

expression37 and antiapoptotic factors,38 should be inves-

tigated in future studies.

To study the differentiation of naı̈ve CD4+ T cells in

polarized effectors and memory cells,19–21 several groups

have developed adoptive transfer techniques for in vitro-

generated CD4+ T cells. Although many of the signals

required for effector differentiation are known, much

attention has been focused on the role of the antigen in

driving the proliferation and differentiation of CD4+ T
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Figure 7. The production of polarized cytokines IFN-c and IL-2

during recall response by antigen-specific CD4+ T memory cells

developed by primary effector cells generated in vitro with different

antigen doses. Antigen-experienced CD4+ T cells generated in vitro

with low (0�05 lg/ml) and high (5�0 lg/ml) concentrations of

OVA323)339 peptide were rested for 3 days and then adoptively trans-

ferred into normal BALB/c mice via i.v. injection (2�5 · 106

CD4+ KJ1.26+ cells/mouse). On the next day, the recipients were

immunized via the hind footpad with OVA323)339 peptide (20 lg/

mouse) emulsified with CFA. On At 60 days p.i., the cytokine levels

were determined by a standard ELISA in the splenocytes of recipients

5 days after re-challenging with antigen/APC. Data are shown as the

mean ± SD of three to five recipients per experiment. P-values in

graphs were statistically calculated by Student’s t-test.
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cells. Moreover, antigen concentration may be related to

both the extent and duration of TCR engagement, and

the duration of persistent antigenic stimulation may

determine if differentiation of naı̈ve CD4 T cells favours

effectors with different fates.5,10–15 Thus, the initial pro-

gramming of CD4+ T cells to become effector (Th1/Th2)

and memory cells is likely to differ depending on the

extent of TCR stimulation and the cytokine environ-

ment.5,10–15 We here chose a minimal incubation time

(12 hr) for activation of naı̈ve CD4+ T cells and entry

into the cell cycle occurred in the presence of polarized

cytokines with low- or high-dose antigen. According to

the expression profiles of the T-cell surface activation

markers, CD4+ T cells stimulated in vitro with low- and

high-dose antigen were activated. In particular, up-regula-

tion of CD25 and CD69 on the surface of CD4+ T cells

stimulated with antigen were clearly observed. Other

reports have shown that both CD25 and CD69 are

increased before cell division.32,33 Following 12 hr-stimu-

lation with high-dose antigen, CD4+ T cells eventually

divided during a 3-day resting period without further

antigenic stimulation, whereas little cell division was

observed in CD4+ T cells stimulated with low-dose anti-

gen. Moreover, it was observed that CD4+ T cells stimu-

lated with low- and high-dose antigen had different

capacities of migration into lymphoid and non-lymphoid

tissues. However, the different homing patterns were not

correlated to CD62L and CD44 expression on stimulated

CD4+ T cells. This observation may be supported by the

recent finding that CD62L– effector and memory CD8+ T

cells enter LNs to decrease antigen presentation of DCs.39

Also, CD4+ T cells stimulated with high-dose antigen for

12 hr secreted greater amounts of IL-2 in culture super-

natants (data not shown). This suggests that the low anti-

gen dose we used to generate primary effector cells is

suboptimal for inducing proliferation and production of

the growth factor IL-2. However, it is possible that IL-2

produced from high-dose antigen-stimulated CD4+ T cells

drives cell division during the 3-day resting period and

conversely makes antigen-experienced CD4+ T cells sus-

ceptible to activation-induced cell death (AICD).40,41 We

also showed that effectors and memory cells developing

from low-dose antigen-stimulated CD4+ T cells were not

impaired functionally following secondary antigen expo-

sure, as determined by polarized cytokine production and

activation phenotype markers. These data suggest that a

factor(s) and/or microenvironment driven by the initial

TCR stimulation with the different antigen doses may

program the characteristics of secondary responses of

antigen-experienced CD4+ T cells.

The features of memory CD4+ T cells include a rapid

response that involves cytokine production and cell divi-

sion.18,25 In experiments to measure recall responses, we

observed an extended accumulation of antigen-specific

CD4+ T cells upon re-challenge with antigen (APC/anti-

gen) in the recipients of low-dose antigen-stimulated

CD4+ T cells. The recipients of low-dose antigen-stimu-

lated CD4+ T cells also consistently exhibited greater

numbers of proliferating CD4+ T cells and greater cyto-

kine production by antigen-specific CD4+ T cells. Consid-

ering that booster immunizations are needed in many

vaccination protocols against infectious diseases,42,43 our

results suggest that the generation of optimal effector

CD4+ T cells during initial TCR stimulation has a major

impact on the development of the highest number of

secondary memory cells. Therefore, our observation has

important implications for understanding the generation

of primary effector cells in prime-boost vaccinations and

may offer improved strategies for the development of

long-lasting memory T cells.
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